Introduction {#s1}
============

In flowering plants, fertilization and embryogenesis are the two important steps of reproduction. Fertilization starts with pollination. The pollen grain is transported to a female stigma, hydrates, and produces a pollen tube. The pollen tube invades the stigma, elongates through the transmitting tract, enters an embryo sac, and discharges the two sperms into the embryo sac for double fertilization. One sperm fuses with an egg to form a zygote that further develops into an embryo, whilst the other fuses with the central nucleus. The fertilized central nucleus then further forms the endosperm. Defects in pollen tube growth and endosperm development result in failure of fertilization and abortion of seed development ([@CIT0038]; [@CIT0004]; [@CIT0034]), indicating that pollen tube growth and endosperm development are essential for seed production. Despite their importance to sexual reproduction, the genetic mechanism of the processes remains poorly understood.

Studies have shown that a large number of genes are expressed in maturing pollen grains, growing pollen tubes ([@CIT0031]; [@CIT0035]), and developing endosperm ([@CIT0012]), indicating that there are a large number of genes involved in pollen tube growth and endosperm development. Most are mRNA-producing genes ([@CIT0035]). The mRNA-producing genes are transcribed by RNA polymerase II (Pol II) in collaboration with general transcription factors and other proteins. So far, six types of general transcription factor have been identified in animals, human, plants, and yeasts, which are named TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH ([@CIT0017]; [@CIT0028]; [@CIT0032]; [@CIT0024]). The human TFIIB is a polypeptide of 33kDa consisting of a zinc ribbon at the N terminus and a C-terminal core domain composed of two imperfect direct repeats ([@CIT0013]). There is a highly conserved region called the B-finger or B-reader between the zinc ribbon and core domain ([@CIT0007]; [@CIT0013]). The C-terminal core domain is responsible for interacting with TATA-box binding protein (TBP) and DNA ([@CIT0026]). The zinc ribbon interacts with both Pol II and TFIIF, bridging the RNAPII/TFIIF complex to the TBP/cTFIIB/DNA complex ([@CIT0003]; [@CIT0006]). The B-finger projects into the RNA catalytic centre of Pol II and plays a role in the selection of the transcription start site ([@CIT0021]). It also interacts with the promoter and terminator regions in yeast and metazoans ([@CIT0025]; [@CIT0039]) and is involved in gene looping, which links promoters and terminators ([@CIT0014]). Thus, taken together, TFIIB plays important roles in the activation of gene transcription.

The cDNAs of TFIIBs from plants (*Arabidopsis* and soybean) were first cloned in 1996 and named *AtTFIIB* and *GmTFIIB*, respectively ([@CIT0002]). The AtTFIIB protein, later called AtTFIIB1, exhibits 46% identity and 62% similarity to animal TFIIBs, and 33% identity and 54% similarity to the yeast version ([@CIT0002]). It has been demonstrated to promote basal transcription by binding TBP ([@CIT0029]). However, its roles in plant development remain unknown. In this study, *AtTFIIB1* (*At2g41630*) was identified to be involved in pollen tube growth and endosperm development. Mutations in the gene caused a drastic retardation of pollen tube growth and affected pollen tube guidance and reception. Moreover, the mutations also impaired proliferation and cellularization of the endosperm, resulting in developmental arrest of the embryo at the heart to torpedo stages. Our results suggest that *AtTFIIB1* plays important roles in pollen tube growth and endosperm development.

Materials and methods {#s2}
=====================

Plant materials and mutant isolation {#s3}
------------------------------------

All *Arabidopsis* plant materials used in this study were from the Columbia-0 background. The *attfiib1-1* (*SALK_122543*) and *attfiib1-2* (*SALK_014205*) mutants were obtained from the Arabidopsis Biological Resource Center (ABRC, <http://www.arabidopsis.org>). The seeds were pre-germinated on Murashige and Skoog (MS)-salts agar plates with or without antibiotics under conditions of 16h light/8h dark at 22 °C. The seedlings were transplanted into soil for further growth under the same conditions as for seed germination. The T-DNA insertion sites and homozygotic plants of *attfiib1-1* and *attfiib1-2* were determined by PCR using primer pairs LBa1/P1 and P1/P2 ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1) at *JXB* online). The two mutants were back-crossed to the wild type (Col-0) for three generations to purify the T-DNA insertion before being used for phenotypic and genetic characterization. The transcript level of *AtTFIIB1* in the homozygous *attfiib1-2* siliques was examined by reverse transcriptase-PCR (RT-PCR) using the primer pair P1/P3 ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)) as described by [@CIT0036].

Phenotypic characterization of attfiib1-1 and attfiib1-2 {#s4}
--------------------------------------------------------

Alexander staining and 4',6-diamidino-2-phenylindole (DAPI) staining of pollen grains were performed as described by [@CIT0001]), [@CIT0015], and [@CIT0037]. Pollen germination *in vitro* was performed as described by [@CIT0019]. The average germination rates and pollen tube length for each sample were calculated using the data from three replicates. The *in vivo* pollen growth assays were performed as described by [@CIT0019]. Endosperm and embryo development was examined as described by [@CIT0022]).

Molecular cloning of AtTFIIB1 and complementation of the attfiib1 mutants {#s5}
-------------------------------------------------------------------------

A full-length *AtTFIIB1* genomic DNA fragment was amplified by PCR using four primer pairs, TFIIB1-frag1-P1/TFIIB1-frag1-P2, TFIIB1-frag2-P1/TFIIB1-frag2-P2, TFIIB1-frag3-P1/TFIIB1-frag3-P2, and TFIIB1-frag4-P1/TFIIB1-frag4-P2 ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)). The four resulting DNA fragments were first cloned into a pMD18-T vector (TaKaRa, Dalian, China) separately for sequence validation. They were then subcloned together to generate a full-length *AtTFIIB1* genomic DNA fragment in Ti-derived vector pCAMBIA1300 (CAMBIA, Canberra, Australia) and introduced into *attfiib1-1*/+ and *attfiib1-2* mutants by *Agrobacterium*-mediated infiltration ([@CIT0010]). The transformants were selected in MS medium containing 25mg l^--1^ of hygromycin. All transformants were confirmed by PCR with the primer pair 1300-H/TFIIB1-frag4-P1 ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)). The complemented transformed plants homozygous for the *attfiib1-1* mutation were selected by PCR using primer pair P2/homoP ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)).

Determination of gene expression patterns {#s6}
-----------------------------------------

The samples from different tissues for RNA preparation were harvested from 2-week-old seedlings and 4-week-old flowering plants. Total RNA from the tissues except the siliques was extracted using a polyphenols- and polysaccharides-rich Plants Total RNA Rapid Extraction Kit (Bioteke. Beijing, China). Total RNA from the siliques was extracted using cetyltrimethylammonium bromide solution as described by [@CIT0040]. Two micrograms of total RNA was treated with DNase I (TaKaRa) and then used for cDNA synthesis following the instructions of the supplier. First-strand cDNAs were synthesized using a Reverse Transcription kit (Invitrogen, Shanghai, China) with a random primer according to the supplier's instructions.

Quantitative RT-PCR assays were performed with an ABI PRISM 7500 Real-time PCR System (Applied Biosystems, <http://www.appliedbiosystems.com>) using *AtTFIIB*-specific and *ACTIN* primers ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)) following the supplier's instructions. Each reaction contained 1 μl single-stranded cDNA mixture and 0.3 μl gene-specific primers (10 pM) in a total volume of 15 μl. The *ACTIN2* (*At3g18780*) RNA levels were quantified as an internal control to normalize the RNA quantity. Each sample was measured three times. Relative mRNA levels were calculated by the comparative *C* ~t~ method.

For promoter activity and protein subcellular localization assays, the promoters of *AtTFIIB1* and *AtTFIIB2* (1509 and 2012bp upstream of the ATG start codon, respectively), the coding sequence of *AtTFIIB1* (*AtTFIIB1*cDNA) and genomic DNA (gDNA) of the *AtTFIIB2* coding region (*AtTFIIB2*gDNA) were amplified by PCR using gene-specific primer pairs ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1) and [Supplementary Methods](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1) at *JXB* online) as described by [@CIT0015]. The promoters, the coding sequence, and gDNA were subcloned in front of the reporter genes for green fluorescent protein (*GFP*) or β-glucuronidase (*GUS*) in the Ti-derived binary vector pCAMBIA1300 to generate the fusion protein-expressing cassettes p*AtTFIIB1*:*AtTFIIB1*cDNA-*GFP*, p*AtTFIIB1*:*AtTFIIB1*cDNA-*GUS*, and p*AtTFIIB2*:*AtTFIIB2gDNA*-*GFP*. The constructs were introduced into wild-type and *attfiib1-2* plants as described above. GUS staining was performed as described by [@CIT0033]. GFP signals were detected using a Zeiss 510 META confocal laser-scanning microscope (Carl Zeiss, <http://www.zeiss.com>).

Mutant attfiib1 complementation assays of AtTFIIB2 and AtTFIIB3 {#s7}
---------------------------------------------------------------

For the construct p*AtTFIIB1*:*AtTFIIB2gDNA*, a 2591bp gDNA fragment of *AtTFIIB2* (*At3g10330*) including the 7bp 5'-untranslated region sequence upstream of the ATG start codon, the coding region, and the transcription terminal region (848bp), and the promoter fragment of *AtTFIIB1*, containing 1509bp upstream of the ATG start codon and 325bp coding region of the first exon, were amplified by PCR using primer pairs TFIIB2gDNA-P1/TFIIB2gDNA-P2 and AtTFIIB1pro-P1/AtTFIIB1-frag2-P2 ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)), respectively. For the construct p*AtTFIIB1*:*AtTFIIB3gDNA*, the gDNA fragment of *AtTFIIB3* (*At3g29380*) including the coding region and 577bp transcription terminal region, and the *AtTFIIB1* promoter fragment including 1509bp upstream of the ATG start codon and the 9bp coding region of the first exon were amplified by PCR using primer pairs TFIIB3gDNA-P1/TFIIB3gDNA-P2 and AtTFIIB1pro-P1/AtTFIIB1pro-P2 ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)), respectively. The resulting fragments were cloned in the Ti-derived binary vector pCAMBIA1300 to generate the appreciate constructs and introduced into *attfiib1-2* plants as described above. The complementation efficiency was assessed by mutant phenotypic observation and genetic analysis.

Results {#s8}
=======

Isolation and genetic analysis of attfiib1 mutants {#s9}
--------------------------------------------------

To identify pollen-expressed transcription factor genes, we manually searched the gene expression profile data of *Arabidopsis* from The Arabidopsis Information Resource database (TAIR: <http://www.arabidopsis.org>). *AtTFIIB1* was found highly expressed in pollen grains and pollen tubes. To characterize its roles in pollen, two T-DNA insertion lines, *SALK_122543* and *SALK_014205*, were purchased from Arabidopsis Biological Resource Center (ABRC: <http://abrc.osu.edu/>) and renamed as *attfiib1-1* and *attfiib1-2*, respectively. As confirmed by PCR ([Fig. 1A](#F1){ref-type="fig"}), the T-DNAs were inserted in the sixth and fifth introns of *AtTFIIB1*, respectively ([Fig. 1B](#F1){ref-type="fig"}). The T-DNA insertion created a genetic tag of kanamycin resistance (Kan^R^) in the *attfiib1-1* mutant plant, whilst *attfiib1-2* plants did not exhibit Kan^R^. Therefore, PCR-aided genotyping was applied to detect the T-DNA insertion in *attfiib1-2*. No homozygous *attfiib1-1* plant was obtained for *attfiib1-1*. In contrast, homozygous *attfiib1-2* plants could be generated at a low frequency of 2.1% (4/192) by self-pollination of heterozygous *attfiib1-2* plants (--*/*+). A RT-PCR assay showed that the *AtTFIIB1* transcript was detected at a lower level in *attfiib1-2* ([Fig. 1C](#F1){ref-type="fig"}). The sizes and sequences of the RT-PCR products from the siliques of two *attfiib1-2* plants were the same as wild-type cDNA, indicating that *attfiib1-2* was still able to produce functional *AtTFIIB1* mRNAs. These results showed that *attfiib1-1* was a knockout mutant, whilst *attfiib1-2* was a weak knocked-down allele.

![Molecular characterization of the *AtTFIIB1* gene. (A) Confirmation of T-DNA insertion sites in the *attfiib1* mutants by PCR. LBa1, P1, P2 and P3 are the primers used in the PCR assays ([Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)). (B) Schematic diagram of the *AtTFIIB1* gene structure, showing the T-DNA insertion sites. Filled boxes indicate exons. Filled arrowheads indicate the positions of primers used for genotyping. (C) There was a significant reduction in *AtTFIIB1* transcription signals in the homozygous *attfiib1-2* siliques revealed by RT-PCR. The *TUBULIN8* (*At5g23860*) gene was used as an internal control. MW, molecular weight markers; WT, wild type.](exbotj_ert078_f0001){#F1}

To determine the impact of the *attfiib1* mutations on pollen, we first performed a genetic analysis of the two mutants ([Table 1](#T1){ref-type="table"}). The seedling populations from the self-pollinated heterozygous *attfiib1-1* and *attfiib1-2* plants segregated in two groups, namely, the seedlings with a T-DNA insertion (W) and those without a T-DNA insertion (WO). The ratios were approximately 1.34:1 (823 W:616 WO) and 0.81:1 (147 W:181 WO), rather than the typical Mendelian segregation ratio of 3:1. When the heterozygous *attfiib1-1* and *attfiib1-2* plants were used as females in crosses with wild-type plants, approximately 50% (498/936 and 149/318) of the progeny had the T-DNA insertion. When the pollen grains from the heterozygous *attfiib1-1* and *attfiib1-2* plants were used to pollinate wild-type plants, 0.087% (108/1240) and 0.125% (32/256) of the resulting progeny had the T-DNA insertion, respectively. These results indicated that the *attfiib1* mutations drastically reduced the genetic transmission of the *attfiib1* mutations through male gametes but did not affect female gametophytic function.

###### 

Genetic analysis of *attfiib1-1* and *attfiib1-2* mutants.

  Crosses (female×male)   With T-DNA insertion (W)   Without T-DNA insertion (WO)   Ratio (W:WO)   TE~F~   TE~M~
  ----------------------- -------------------------- ------------------------------ -------------- ------- -------
  *attfiib1-1*/+ selfed   823                        616                            1.34:1         NA      NA
  *attfiib1-1*/+×Col      498                        438                            1.13:1         100%    NA
  Col×*attfiib1-1*/+      108                        1240                           0.087:1        NA      8.7%
  *attfiib1-2*/+ selfed   147                        181                            0.812:1        NA      NA
  *attfiib1-2*/+×Col      149                        169                            0.88:1         88%     NA
  Col×*attfiib1-2/+*      32                         256                            0.125:1        NA      12.5%

TE, transmission efficiency: (W/WO)×100%; TE~F~, female transmission efficiency; TE~M~, male transmission efficiency; NA, not applicable.

The attfiib1 mutations do not affect pollen formation but cause retarded growth of pollen tubes {#s10}
-----------------------------------------------------------------------------------------------

To study how the mutations affected male gametophytic functions, we first investigated pollen formation and pollen tube growth in the *attfiib1* plants. The DAPI staining and Alexander staining assays showed that the nuclear division and pollen viability in the *attfiib1* mutants were as normal as those in the wild types ([Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1) at *JXB* online), indicating that the mutations did not affect pollen formation. The *in vitro* germination assays showed that 68.6% (497/725) and 67.3% (844/1254) of pollen grains from the *attfiib1-1/+* and *attfiib1-2* plants could germinate respectively, compared with 74.5% (688/923) in the wild types, indicating that the *attfiib1* mutations only slightly affected pollen germination.

Next, we examined the lengths of the pollen tubes from heterozygous *attfiib1-1* (*attfiib1-1*/+) and homozygous *attfiib1-2* plants. As shown in [Fig. 2](#F2){ref-type="fig"}, approximately half of the pollen grains from *attfiib1-1*/+ plants and all the pollen grains from *attfiib1-2* plants produced much shorter pollen tubes ([Fig. 2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}) compared with the wild types ([Fig. 2C](#F2){ref-type="fig"}). Because *attfiib1-1* was a knockout allele and the pollen grains from *attfiib1-1*/+ plants contained 50% wild-type and 50% mutant pollen grains, this mutant was good for comparing the lengths of pollen tubes between wild type and mutant under the same condition. Therefore, the data from *attfiib1-1*/+ plants were used for further analysis ([Fig. 2D](#F2){ref-type="fig"} and [Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1) at *JXB* online). Of note, 86% (426/498) of pollen tubes from wild-type plants were longer than 150 μm, whilst only 47% (232/497) of the pollen tubes from *attfiib1-1*/+ plants were longer than 150 μm ([Fig. 2D](#F2){ref-type="fig"} and [Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)). As 50% of the pollen grains from *attfiib1-1*/+ plants were actually wild type, this 47% of pollen grains were most likely wild-type pollen grains. The percentage of pollen tubes shorter than 50 μm from the *attfiib1-1*/+ plants was 28.0%, much higher than the 1.2% see for the wild type. For uniqueness (100%) of mutant pollen tubes in the pistils and easy observation, the homozygous *attfiib1-2* plants were used for an *in vivo* growth assay of pollen tubes. The pollen grains from *attfiib1-2* and wild-type plants were pollinated to the pre-emasculated wild-type siliques. The pollinated siliques were collected and stained with aniline blue to visualize the pollen tubes at 3h time intervals after pollination ([Fig. 3](#F3){ref-type="fig"}). The results showed that most of the wild-type pollen tubes reached the bottom of the transmitting tracts 9h after pollination (a.p.) ([Fig. 3E](#F3){ref-type="fig"}), whilst the *attfiib1-2* pollen tubes grew to only half the length of the transmitting tracts by 9h a.p. ([Fig. 3F](#F3){ref-type="fig"}). The *attfiib1-2* pollen tubes reached and fertilized the ovules at the bottom of the transmitting tracts at 24h a.p. ([Fig. 3G](#F3){ref-type="fig"}), much later than the wild-type pollen tubes. In summary, the *attfiib1* mutations caused a dramatic retardation of pollen tube growth *in vitro* and in *vivo*.

![The *attfiib1* mutations affect pollen tube growth *in vitro*. (A--C) *In vitro* germination of pollen grains from *attfiib1-1/+* (A), *attfiib1-2* (B), and wild-type (C) plants. Arrows indicate the short *attfiib1-1* mutant pollen tubes. Pt, pollen tubes. Bar, 50 μm. (D) Comparison of pollen tube length in wild-type and *attfiib1-1/+* plants.](exbotj_ert078_f0002){#F2}

![The *attfiib1* mutations cause retarded growth of pollen tubes in wild-type pistils. (A, B) Growth pattern of wild-type (A) and *attfiib1-2* (B) pollen tubes at 3h a.p., showing that the wild-type pollen tubes had entered the transmitting tract, whilst the mutant pollen tubes were not able to penetrate the style tissue. (C, D) Growth pattern of wild-type (C) and *attfiib1-2* (D) pollen tubes at 6h a.p. (E, F) By 9h a.p., the wild-type pollen tubes (E) had almost reached the bottom of the transmitting tract, whilst the mutant pollen tubes (F) had only reached approximately half way along the transmitting tract. (G) By 24h a.p., the mutant pollen tubes finally reached the bottom of the transmitting tract. White arrows indicate the fastest-growing pollen tubes in the transmitting tracts. St, style. Bars, 500 μm.](exbotj_ert078_f0003){#F3}

The attfiib1 mutations caused seed abortion {#s11}
-------------------------------------------

Compared with the wild-types ([Fig. 4A](#F4){ref-type="fig"}), the siliques from self-pollinated heterozygous *attfiib1-1* (*attfiib1-1*/+) and homozygous *attfiib1-2* plants had a much higher rate of aborted seeds ([Fig. 4B](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"}). Specifically, 5.56% (*n*=1764) and 70.36% (*n*=1374) of seeds were aborted in the *attfiib1-1*/+ and *attfiib1-2* siliques, respectively, compared with 0.18% (*n*=1064) in the wild-types ([Fig. 4K](#F4){ref-type="fig"} and [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1) at *JXB* online). Interestingly, most of the aborted seeds in the *attfiib1-1*/+ plants were located in the top sections of the siliques ([Fig. 4B](#F4){ref-type="fig"}). When the *attfiib1-1*/+ plants were pollinated with *attfiib1-2* pollen, 44.5% (*n*=1528) of F1 seeds were aborted ([Fig. 4D](#F4){ref-type="fig"} and [K](#F4){ref-type="fig"}, and [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)). In contrast, the F1 seeds from crosses between wild-type and *attfiib1-2* plants all developed normally, no matter which parent was used as pollen donor ([Fig. 4E](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"}, and [K](#F4){ref-type="fig"}, and [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)). These results indicated that the *attfiib1* mutations were recessive and led to seed lethality.

![The *attfiib1* mutations cause seed abortion. (A) A wild-type silique. (B) An *attfiib1-1*/+ silique with seed abortion at the top section. (C) An *attfiib1-2* silique, showing the aborted seeds and unfertilized ovules. (D) An *attfiib1-1*/+ silique pollinated with *attfiib1-2* pollen, showing that almost half of the seeds were aborted. (E) An *attfiib1-2* silique pollinated with wild-type pollen. (F) A wild-type silique pollinated with *attfiib1-2* pollen, showing the unfertilized ovules. (G) A silique from an *AtTFIIB1-*complemented *attfiib1-2* plant, showing recovery of seed set. (H, I) Siliques from T1 plants of *attfiib1-2* complemented with *AtTFIIB2*. (J) A silique from a T1 plant of *attfiib1-2* complemented with *AtTFIIB3*. (K) Histogram showing the percentages of normal seeds, aborted seeds, and unfertilized ovules in the experiments shown in (A)--(J). Arrow heads indicate aborted seeds and arrows indicate unfertilized ovules. Stars indicate seeds that developed slowly. Bars, 1.5mm.](exbotj_ert078_f0004){#F4}

To investigate the causes of seed abortion, we examined the endosperm and embryo development in the developing *attfiib1* seeds by comparison with the wild-type ([Fig. 5](#F5){ref-type="fig"}). The *attfiib1-1* and *attfiib1-*2 plants showed similar phenotypes in seed development. Therefore, the homozygous *attfiib1-*2 plants were used in this experiment. The developmental abnormality of *attfiib1-2* seeds was first observed at the late globular embryo stage ([Fig. 5A](#F5){ref-type="fig"}--[C](#F5){ref-type="fig"}). The mutant endosperm exhibited an abnormal synchronization pattern. The mutant embryo sacs frequently had fewer but larger endosperm nuclei ([Fig. 5B](#F5){ref-type="fig"}, [C](#F5){ref-type="fig"}) compared with the wild type ([Fig. 5D](#F5){ref-type="fig"}--[F](#F5){ref-type="fig"}). In the wild-type, cellularization of the endosperm takes place at the early heart embryo stage ([Fig. 5F](#F5){ref-type="fig"}). After completion of cellularization and another round of cell division, it gradually degenerates ([@CIT0005]; [@CIT0027]). In contrast, no cellularization of the mutant endosperm nuclei was observed at the heart embryo stage and later stages ([Fig. 5C](#F5){ref-type="fig"}). In most of the *attfiib1* seeds, the mutant embryo developed normally until the early torpedo embryo stage. After this stage, the mutant hypocotyle and cotyledons stopped elongating and became thicker ([Fig. 5G](#F5){ref-type="fig"}). The embryo was surrounded by the degenerating endosperm nuclei without cellularization. The embryo then stopped development and died. In some *attfiib1* seeds, the large endosperm nuclei were scattered throughout the embryo sac ([Fig. 5H](#F5){ref-type="fig"}) and the embryo stopped growing at the heart stage. Such seeds became shrunken without degeneration of the endosperm and died at the seed maturation stage. In summary, the *attfiib1* mutations caused defects in endosperm development, leading to seed abortion.

![Mutation in *AtTFIIB1* affects the development of endosperm and embryos. (A--C) Differential interference contrast (DIC) microscopy images of *attfiib1-2* mutant seeds at the early globular-embryo stage (A), late globular embryo stage (B), and heart embryo stage (C), showing fewer but enlarged and uncellularized endosperm nuclei. (D--F) DIC images of wild-type seeds at the early globular embryo stage (D), late globular embryo stage (E), and heart embryo stage (F). (G, H) The abnormal embryo patterns in the aborted *attfiib1-2* mutant seeds at the torpedo embryo stage (G) and heart-embryo stage (H). (I, J) The *attfiib1-2* mutant seeds complemented with p*AtTFIIB1*:*AtTFIIB2gDNA* at the heart embryo stages, showing the aberrant endosperm nucleus division (I) and recovery of cellularization (J). (K, L) The *attfiib1-2* mutant seeds complemented with p*AtTFIIB1*:*AtTFIIB3gDNA*, showing the recovery of endosperm nucleus division (K) and cellularization (L). The white stars indicate endosperm nuclei, white circles indicate the cellularized endosperm cells, and white boxes indicate chalazal endosperm. Bars, 50 μm.](exbotj_ert078_f0005){#F5}

The attfiib1 mutations impact on pollen tube guidance and reception in fertilization {#s12}
------------------------------------------------------------------------------------

When investigating seed development, 1.5--4.9% of ovules were found to be unfertilized in both the *attfiib1/+* and *attfiib1-2* siliques ([Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)), suggesting that the *attfiib1* mutations also affected fertilization. To investigate the causes for failure of fertilization, the pollen grains from *attfiib1-2* plants were pollinated to wild-type pistils. The pollinated pistils were collected and stained with aniline blue to visualize the pollen tubes at 48h a.p. Three types of pollen tube growth patterns were observed. One was that the pollen tubes could find a way to enter the ovules and fertilize the ovules, which had grown bigger ([Fig. 6A](#F6){ref-type="fig"}), as wild-type pollen tubes do ([Fig. 6B](#F6){ref-type="fig"}). One was that the pollen tubes could enter the ovules but could not discharge the sperms into the embryo sacs and failed to fertilize the ovules ([Fig. 6C](#F6){ref-type="fig"}), exhibiting a typical defect in pollen tube reception ([@CIT0016]). The last was that the pollen tubes could not find a way to enter the ovules and moved around at places near to the ovules ([Fig. 6D](#F6){ref-type="fig"}), showing loss of micropylar guidance.

![The *attfiib1-2* mutation affects pollen tube guidance and reception. (A) A wild-type silique pollinated with *attfiib1-2* pollen at 48h a.p., showing that, in the silique, some pollen tubes were coiling, indicated by white arrows, whilst some others could enter the ovules straight, as indicated by white arrowheads. (B) A wild-type silique pollinated with wild-type pollen at 48h a.p., showing that the wild-type pollen tube entered the ovule straight. (C) An overgrowing *attfiib1-2* pollen tube exhibiting a defect in pollen tube reception inside a wild-type ovule. (D) An *attfiib1-2* pollen tube twisting and moving outside the wild-type ovule. Pt, pollen tubes. Bars, 100 μm.](exbotj_ert078_f0006){#F6}

To assess the impact of the *attfiib1* mutations on pollen tube guidance and reception, we performed a limited pollination assay. Fewer than 50 pollen grains from *attfiib1-2* or wild-type plants were pollinated onto a wild-type pistil that harboured approximately 50--60 ovules. At 48h a.p., the pistils were collected and stained with aniline blue. The germination rates of wild-type and mutant pollen grains on the pistils were 91% (703/771) and 94% (729/776), respectively. It was found that 89% of the wild-type pollen tubes could fertilize the ovules. No defect in guidance and reception was observed among the wild-type pollen tubes. In contrast, only 36% of *attfiib1-2* pollen tubes found a way to fertilize the ovules. Most missed the entrances of the ovules. These results showed that the *attfiib1* mutation caused a drastic defect in pollen tube guidance. However, we observed that only 0.7% of the *attfiib1-2* pollen tubes exhibited a defect in pollen tube reception. Because pollen tube reception happened after guidance, it was not possible to observe the reception-defective phenotype of those pollen tubes that did not enter the embryo sac. Thus, this result did not present the actual effect of the *attfiib1* mutations on pollen tube reception.

The phenotypes of the attfiib1-1/+ and attfiib1-2 mutants can be complemented with the wild-type AtTFIIB1 gene {#s13}
--------------------------------------------------------------------------------------------------------------

To show that the phenotypes of *attfiib1-1* and *attfiib1-2* were caused by insertions of T-DNAs in *AtTFIIB1*, a 4161bp genomic DNA fragment of *AtTFIIB1*, including the promoter region (1509bp) upstream of the ATG start codon, the coding region, and the transcription terminal region (806bp), was cloned into a Ti-plasmid-derived vector, pCAMBIA1300. The resulting complementation construct was introduced into *attfiib1-1*/+ and *attfiib1-2* plants using an *Agrobacterium*-mediated infiltration method ([@CIT0010]). For *attfiib1-1*/+, 72 independent T1 transformants carrying both the T-DNA insertion and the complementation construct were obtained; 17 of the 72 T1 transformants were randomly selected for further phenotypic analysis by scoring the Kan^R^:Kan^S^ segregation ratios in their self-pollinated progeny. The progeny from four of the 17 lines were all resistant to kanamycin, suggesting that these four independent transformant lines were homozygous for *attfiib1-1*. The progeny from the other ten lines segregated at a ratio of approximately ≥2:1 ([Table 2](#T2){ref-type="table"}), compared with a ratio of 1.34:1 among the progeny from self-pollinated untransformed *attfiib1-1*/+ plants. The other three lines did not exhibit a complemented phenotype. For *attfiib1-2*, 96 independent T1 transformants were generated. The fertility of all of these plants was largely recovered. Their siliques produced many more normal seeds (89.92%, [Fig. 4G](#F4){ref-type="fig"} and [K](#F4){ref-type="fig"}, and [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)) than the untransformed *attfiib1-2* siliques that had only 24.77% normal seeds. In addition, we also scored the normal seeds, aborted seeds and unfertilized ovules in the siliques of T1 complemented transformants from the two mutants. The rates of aborted seeds and unfertilized ovules from the complemented lines in both mutants were significantly reduced ([Fig. 4K](#F4){ref-type="fig"} and [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)). The *in vivo* growth of the pollen tubes in the complemented *attfiib1-1* ([Fig.7A](#F7){ref-type="fig"}) and *attfiib1-2* ([Fig. 7B](#F7){ref-type="fig"}) homozygous plants also recovered to the same normal pattern as that in the wild types ([Fig. 7C](#F7){ref-type="fig"}), in contrast to the untransformed *attfiib1-2* mutant ([Fig. 7D](#F7){ref-type="fig"}). These results demonstrate that the cloned genomic DNA fragment of *AtTFIIB1* is sufficient to complement the phenotype of the two *attfiib1* mutants.

###### 

Genetic analysis of self-pollinated independent *AtTFIIB1*-complemented *attfiib1-1*/+ plants.

  T2 line no.   Kan^R^:Kan^S^ (ratio)   T2 line no.   Kan^R^:Kan^S^ (ratio)   T2 line no.   Kan^R^:Kan^S^ (ratio)
  ------------- ----------------------- ------------- ----------------------- ------------- -----------------------
  T2-3          all Kan^R^              T2-15         All Kan^R^              T2-30         672:296 (2.27:1)
  T2-6          all Kan^R^              T2-16         659:252 (2.62:1)        T2-40         All Kan^R^
  T2-10         69:27 (2.56:1)          T2-20         654:324 (2.02:1)        T2-41         653:293 (2.23:1)
  T2-11         46:40 (1.15:1)          T2-25         490:225 (2.18:1)        T2-42         633:332 (1.91:1)
  T2-12         47:49 (0.96:1)          T2-28         590:404 (1.46:1)        T2-43         676:336 (2.01:1)
  T2-14         580:259 (2.24:1)        T2-29         63:33 (1.91:1)                        

![Growth patterns of pollen tubes from the *attfiib1* mutants transformed with three *AtTFIIB* genes driven by the *AtTFIIB1* promoter. (A, B) The pollen tubes from homozygous *attfiib1-1* (A) and *attfiib1-2* (B) plants transformed with p*AtTFIIB1*:*AtTFIIB1gDNA* grew normally at 9h a.p. (C) A wild-type control. (D) A control for the untransformed *attfiib1-2* pollen tubes. (E, F) Growth patterns of the pollen tubes from homozygous *attfiib1-2* plants transformed with p*AtTFIIB1*:*AtTFIIB2gDNA* (E) and p*AtTFIIB1*:*AtTFIIB3gDNA* (F), showing that *AtTFIIB2gDNA* could restore the rapid growth of pollen tubes, whilst *AtTFIIB3gDNA* could not. The pistils used in this experiment were all from wild-type plants. Pt, pollen tube. Bars, 500 μm.](exbotj_ert078_f0007){#F7}

AtTFIIB1 is expressed in many tissues including pollen tube and endosperm {#s14}
-------------------------------------------------------------------------

Two methods were applied to analyse the expression pattern of *AtTFIIB1*. First, real-time PCR assays showed that *AtTFIIB1* was expressed in all the tissues tested, including roots, stems, leaves, flowers (anthesis), flower buds (before anthesis), pollen grains, siliques, and seedlings ([Fig. 8A](#F8){ref-type="fig"}). In the pollen grains, the expression level of *AtTFIIB1* was exclusively high, consistent with the microarray data (<http://www.arabidopsis.org>). Secondly, a promoter assay was performed by introduction of the construct p*AtTFIIB1*:*AtTFIIB1*-*GUS* into wild-type plants. In total, 48 p*AtTFIIB1*:*AtTFIIB1*-*GUS* transgenic plants were obtained. Six lines were randomly selected for GUS staining assay. All exhibited GUS activity in many tissues ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1) at *JXB* online).

![Expression patterns of the *AtTFIIB* genes. (A) Expression patterns of the three *AtTFIIB* genes revealed by real-time PCR. (B) Expression of the p*AtTFIIB1*:*CDS*-*GFP* constructs in the developing male gametophytes and pollen tubes. (C, D) A confocal image showing expression of p*AtTFIIB1*:*CDS*-*GFP* in the nuclei of integument and endosperm (C) and embryo at the early globular stage (D). (E) The merged image of (D) and the responding bright-field image. (F, G) A confocal image showing the expression of p*AtTFIIB2*:*gDNA*-*GFP* in the integument (F), zygote (F), and embryo at the heart stage (G). (H) Expression of the p*AtTFIIB2*:*gDNA*-*GFP* constructs in developing male gametophytes and pollen tubes. BCP, bicellular pollen; EM, embryo; EN, endosperm nuclei; GN, generative nuclei; MPG, mature pollen grain; SN, sperm nuclei; TCP, tricellular pollen; TM, tetrad microspore; UNM, uninucleate microspore; VN, vegetative nuclei. Bar, 100 μm.](exbotj_ert078_f0008){#F8}

To investigate the subcellular localization of the AtTFIIB1 protein, an AtTFIIB1--GFP fusion protein-expressing construct driven by the *AtTFIIB1* promoter was introduced into *attfiib1-2* plants. Genetic and phenotypic analysis showed that the construct could complement the phenotype of *attfiib1-2*, indicating that the AtTFIIB1--GFP fusion protein was expressed in the right places. In male gametophytes, the GFP signal was detected in vegetative nucleus and sperm cells during the periods from the uninucleate microspore to the pollen grain maturation stages ([Fig. 8B](#F8){ref-type="fig"}). In the developing seeds, the GFP signals appeared in the nuclei of almost all cell types, including endosperm, integuments, and embryos ([Fig. 8C](#F8){ref-type="fig"}--[E](#F8){ref-type="fig"}).

These results showed that *AtTFIIB1* was expressed in many tissues, including pollen tubes, endosperm, and embryos where the abnormality occurred in the *attfiib1* plants.

The expression pattern of AtTFIIB1 is different from that of AtTFIIB2 and AtTFIIB3/AtpBRP2 {#s15}
------------------------------------------------------------------------------------------

A BLASTP search using the full-length amino acid sequence of AtTFIIB1 (see [Supplementary Methods](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)) showed that more than ten proteins exhibited sequence similarity to AtTFIIB1 in *Arabidopsis*. However, only three, AtTFIIB2, AtTFIIB3/AtpBRP2, and AT4G10680, shared a sequence similarity higher than 40% with AtTFIIB1. AT4G10680 lacks part of the B-finger and the entire second repeat and is unlikely to be a typical TFIIB protein. Therefore, only AtTFIIB2 and AtTFIIB3/AtpBRP2 were chosen for further study. Real-time PCR assays showed that *AtTFIIB2* was expressed ubiquitously in all tissues tested ([Fig. 8A](#F8){ref-type="fig"}, [F](#F8){ref-type="fig"}, [G](#F8){ref-type="fig"}), whilst *AtTFIIB3*/*AtpBRP2* was expressed mainly in flower buds, pollen grains, and siliques, and at a very low abundance in other tissues ([Fig. 8A](#F8){ref-type="fig"}), similar to the results reported by [@CIT0008].

The subcellular localization of AtTFIIB2 was investigated by an AtTFIIB2--GFP assay using the *AtTFIIB2* promoter. In the fertilized ovule, AtTFIIB2--GFP was detected in the nuclei of integuments, zygotes, and embryos, but was absent from the endosperm ([Fig. 8F](#F8){ref-type="fig"}, [G](#F8){ref-type="fig"}). In the male gametophytes, the AtTFIIB2--GFP signal was first seen in nuclei of microspores at the tetrad stage and lasted throughout all the later developmental stages during male gametogenesis ([Fig. 8H](#F8){ref-type="fig"}). The AtTFIIB2--GFP signal appeared in both the vegetative nucleus and generative nucleus of the developing microspore. However, interestingly, it was absent from the vegetative nucleus of the mature pollen grain and pollen tube, although it could still be strongly seen in the sperm nuclei ([Fig. 8H](#F8){ref-type="fig"}). These results indicated that the expression pattern of *AtTFIIB1* was partially different from that of *AtTFIIB2* and *AtTFIIB3*/*AtpBRP2* in pollen grains, pollen tubes, and seeds.

Expression of AtTFIIB2 and AtTFIIB3 can partially complement the phenotypes of the attfiib1 mutants {#s16}
---------------------------------------------------------------------------------------------------

The fact that AtTFIIB2 and AtTFIIB3 shared a higher similarity with AtTFIIB1 prompted us to examine whether they could substitute for the roles of AtTFIIB1 in pollen tube growth and endosperm development. Two constructs, p*AtTFIIB1*:*AtTFIIB2gDNA* and p*AtTFIIB1*:*AtTFIIB3gDNA*, were generated and introduced into the homozygous *attfiib1-2* plants. A total of 35 and 50 independent T1 transformants were obtained, respectively. These transformed plants were randomly selected to examine the recovery of fertility. First, we examined the *in vivo* growth of pollen tubes in the p*AtTFIIB1*:*AtTFIIB2gDNA*- and p*AtTFIIB1*:*AtTFIIB3gDNA*-transformed *attfiib1-2* plants. The results showed that expression of *AtTFIIB2* driven by the *AtTFIIB1* promoter could restore the rapid growth of *attfiib1-2* pollen tubes ([Fig. 7E](#F7){ref-type="fig"}), whilst expression of *AtTFIIB3* could not ([Fig. 7F](#F7){ref-type="fig"}). Furthermore, the number of unfertilized ovules in the pistils of p*AtTFIIB1*:*AtTFIIB2gDNA*-transformed *attfiib1-2* plants was also significantly reduced (2.08%, *n*=1775, [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1), also see [Fig. 4H](#F4){ref-type="fig"}, [I](#F4){ref-type="fig"}, [K](#F4){ref-type="fig"}). We then examined seed setting in the siliques of the transformed *attfiib1-2* plants. The percentages of normally developed seeds (normal seeds/fertilized ovules) were 75% (1300/1738) and 86% (1203/1401), respectively, significantly higher than 26% (343/1307) in the untransformed homozygous *attfiib1-2* plants but lower than 93% (1054/1139) in the p*AtTFIIB1*:*AtTFIIB1gDNA*-transformed homozygous *attfiib1-2* plants ([Fig. 4K](#F4){ref-type="fig"} and [Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)). We further examined the development of embryos and endosperm in these transgenic *attfiib1-2* plants. In the developing seeds of *attfiib1-2* plants transformed with p*AtTFIIB1*:*AtTFIIB2gDNA*, nuclear division of micropylar endosperm and peripheral endosperm was as slow as that in the untransformed *attfiib1-2* plants. The division of the endosperm remained irregular ([Fig. 5I](#F5){ref-type="fig"}, [J](#F5){ref-type="fig"}). However, the cellularization of endosperm could take place normally ([Fig. 5J](#F5){ref-type="fig"}). In the seeds of *attfiib1-2* plants transformed with p*AtTFIIB1*:*AtTFIIB3gDNA*, the endosperm nuclei division was significantly restored ([Fig. 5K](#F5){ref-type="fig"}) and the endosperm cellularization occurred normally as in wild-types ([Fig. 5L](#F5){ref-type="fig"}). In both p*AtTFIIB1:AtTFIIB2gDNA-* and p*AtTFIIB1*:*AtTFIIB3gDNA*-transformed *attfiib1-2* plants, the developmental progress of seeds were all unsynchronized in the same silique ([Fig. 4H](#F4){ref-type="fig"}--[J](#F4){ref-type="fig"}). Such a phenomenon was not observed in the siliques from *pAtTFIIB1:AtTFIIB1gDNA* transformants ([Fig. 4G](#F4){ref-type="fig"}). The slowly developing embryos always had an abnormal embryonic pattern with a typical characteristic of asymmetric cotyledons. However, most could finally develop into mature embryos with a normal embryonic pattern. These results showed that expression of AtTFIIB2 driven by the *AtTFIIB1* promoter could complement the defect in pollen tube growth as well as the partial endosperm and embryonic defect in *attfiib1-2*, whilst expression of AtTFIIB3 driven by the *AtTFIIB1* promoter could complement the endosperm and embryonic defect but not the pollen tube defect.

Discussion {#s17}
==========

AtTFIIB1 plays important roles in sexual reproduction {#s18}
-----------------------------------------------------

In this work, we studied the genetic functions of AtTFIIB1 in plant development by characterizing the *attfiib1* mutants and analysing the expression pattern of *AtTFIIB1*. Our results showed that mutations in *AtTFIIB1* had strong impacts on pollen tube growth and endosperm development but did not affect the development of vegetative tissues. Therefore, *AtTFIIB1* plays a special role in sexual reproduction. The *attfiib1* pollen tubes grew much more slowly than those of the wild-type and exhibited a drastic defect in pollen tube guidance. In addition, *AtTFIIB1* also contributed to pollen tube reception. Pollen tube guidance and reception have been demonstrated to be regulated by interaction between male and female gametophytes. Defects in the process will disrupt fertilization ([@CIT0020]). Therefore, *AtTFIIB1* is probably involved in fertilization through promoting pollen tube growth and the interaction between male and female.

Seed abortion was another significant characteristic in the *attfiib1* plants. In the abortive seeds, defects in endosperm occurred at the global stage, whilst embryo development was disrupted at the heart to torpedo embryo stage. Obviously, the embryonic defect happened much later than that of the endosperm. Studies have shown that a defect in endosperm development could affect embryo development ([@CIT0038]). This raises the question of whether the disruption of embryonic development is caused by the lack of a functional endosperm in the *attfiib1* mutants. We addressed this question by specific expression of an AtTFIIB1--GFP fusion protein in the *attfiib1-1* endosperm driven by the endosperm-specific *FIS2* promoter ([@CIT0023]). Our results showed that the p*FIS2*:*AtTFIIB1*-*GFP* construct could complement the endosperm- and embryo-defective phenotype of *attfiib1-1* ([Supplementary Fig. S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1) at *JXB* online and [Supplementary Methods](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1)), implying that restoration of endosperm development could rescue the mutant embryos. Therefore, *AtTFIIB1* is essential for seed formation, possibly through influencing endosperm development.

Pollen tube growth is a complex biological process and includes a number of dynamic cellular events, such as calcium oscillation, vesicle transport, and signal transductions. Numerous genes are required to carry out the process. Studies have shown that most of the RNAs required for pollen tube growth are transcribed and restored during pollen maturation ([@CIT0018]). A recent study comparing the transcriptomes between pollen tube and pollen grains showed that there are also more than 1000 genes that are transcribed *de novo* in the growing pollen tube ([@CIT0031]). In particular, genes related to signalling, cell extension, and transcription are significantly overrepresented in the growing pollen tube. For example, *At1g60420* and *At3g18000*, both of which participate in lipid signalling ([@CIT0009]; [@CIT0011]), are transcribed in the pollen tube rather than in the pollen grain. Mutation in these two genes causes a failure of the pollen tube to enter the embryo sac ([@CIT0031]). Inhibition of transcription in the pollen tube by actinomycin D also significantly suppresses pollen tube growth ([@CIT0035]). These results suggest that the rapid pollen tube growth and response to female cues require *de novo* gene transcription in the pollen tube. Endosperm cells proliferate fast on a programmed pattern, which also requires the expression of many genes ([@CIT0012]). In addition, suppression of Pol II activity significantly affects the division of the fertilized central cell, suggesting that endosperm development relies on *de novo* transcription ([@CIT0030]). A previous study demonstrated that AtTFIIB1 is able to activate basal transcription ([@CIT0029]). In this study, our results showed that this gene is expressed in pollen tubes and endosperm. Therefore, AtTFIIB1 is probably involved in the *de novo* transcription of the genes required for pollen tube growth and endosperm development.

The roles of AtTFIIB1 in the pollen tube and endosperm are partially different from its closest homologues, AtTFIIB2 and AtTFIIB3/AtpBRP2 {#s19}
-----------------------------------------------------------------------------------------------------------------------------------------

AtTFIIB1 shares high sequence similarity with AtTFIIB2 and AtTFIIB3/AtpBRP2. Our results showed that, in the pollen grain and pollen tube, AtTFIIB1 appeared in both the vegetative nuclei and sperm cells, whilst AtTFIIB2 was localized only in the sperm cells. Based on the report by [@CIT0008], AtTFIIB3/AtpBRP2 exists in the vegetative nuclei of mature pollen. Furthermore, our results also showed that the function of AtTFIIB1 in the pollen tube could be substituted by AtTFIIB2 but not AtTFIIB3/AtpBRP2, as demonstrated by the observation that expression of AtTFIIB2 driven by the *AtTFIIB1* promoter could complement the defects in the *attfiib1* pollen tubes, but AtTFIIB3/AtpBRP2 could not. These data suggested that AtTFIIB1 may have the same biochemical functions as AtTFIIB2, but its role in pollen tube growth is different from that of AtTFIIB2 due to the absence of AtTFIIB2 in the vegetative nuclei of pollen grains and tubes. In addition, our data also suggested that the role of AtTFIIB1 is different from that of AtTFIIB3/AtpBRP2 in pollen tube growth, possibly due to differentiation in biochemical function. Nevertheless, more biochemical data are required to address this question.

In developing seeds, *AtTFIIB1* is expressed in all tissues including the endosperm, developing embryos, and integuments. In contrast, AtTFIIB2 is absent from the endosperm at all developmental stages. Furthermore, *AtTFIIB1* is vital to the endosperm, as demonstrated by the consequences of its mutation. Therefore, expression of *AtTFIIB1* is sufficient to support the normal development of endosperm, whilst AtTFIIB2 is not required for the process. [@CIT0008] reported that *AtTFIIB3/AtpBRP2* was not expressed in endosperm but mutation in *AtTFIIB3/AtpBRP2* caused slower proliferation of endosperm nuclei during the syncytial phase of endosperm development compared with the wild type. This result indicates that *AtTFIIB3/AtpBRP2* may influence the division of endosperm nuclei through an unknown mechanism. In addition, expression of AtTFIIB3/AtpBRP2 driven by AtTFIIB1 could rescue the defective endosperm fully, whilst AtTFIIB2 could only restore the endosperm development partially. Therefore, *AtTFIIB1* also has a role different from that of *AtTFIIB2* and *AtTFIIB3/AtpBRP2* in endosperm development.

Supplementary data {#s20}
==================

Supplementary data are available at *JXB* online.

[Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1). The sequences of the primers used in this work.

[Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1). Comparison of pollen tube length between wild-type and *attfiib1-1*/+ plants.

[Supplementary Table S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1). Statistical analysis of seed setting in *attfiib1-1*/+, *attfiib1-2*, and the *AtTFIIB*-complemented mutant plants by comparison with wild-type plants.

[Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1). The *attfiib1* mutations do not impair pollen formation.

[Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1). The GUS staining pattern in p*AtTFIIB1*:*CDS-GUS* transgenic plants.

[Supplementary Fig. S3](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1). Sequence comparison of AtTFIIB1 with its homologous proteins from *Arabidopsis*.

[Supplementary Fig. S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1). The construct p*FIS2*:*AtTFIIB1-GFP* can complement the embryonic phenotype of the *attfiib1* mutants.

[Supplementary Methods](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert078/-/DC1).
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